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Abstract The mechanisms of force generation and transference via microfilament networks are crucial to the 
understandings of mechanobiology of cellular processes in living cells. However, there exists an enormous challenge 
for all-atom physics simulation of real size microfilament networks due to scale limitation of molecular simulation 
techniques. Following biophysical investigations of constitutive relations between adjacent globular actin monomers 
on filamentous actin, a hierarchical multiscale model was developed to investigate the biomechanical properties of 
microfilament networks. This model was validated by previous experimental studies of axial tension and transverse 
vibration of single F-actin. The biomechanics of microfilament networks can be investigated at the scale of real 
eukaryotic cell size (10 µm). This multiscale approach provides a powerful modeling tool which can contribute to the 
understandings of actin-related cellular processes in living cells. 
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I. INTRODUCTION 
As an essential component of a cytoskeleton, actin plays critical roles in many cellular processes of eukaryotic cells, 
such as wound healing1, cellular motility2,3, and cytokinesis of eukaryotic cells4. The mechanisms of force generation 
and transference via microfilament networks was focused on for decades in order to understand the mechanobiology 
of cellular processes in living eukaryotic cells. Complex mechanical performances including viscosity, strain 
hardening, stress hardening, and stress softening were discovered in the last few decades5,6. Various actin-binding 
proteins working in concert to regulate the kinetics of filamentous actin (F-actin) assembly7, which significantly 
affects the mechanical performances of microfilament networks. All these discoveries indicate that absolute 
mathematical model is hard to achieve by homogenizing microfilament networks as continuous materials without 
losing biological features of these soft tissues.  
Multiscale approaches provide a view of the essential physical basis to allow an understanding of biomechanics and 
mechanobiology of microfilament networks from atomic level biophysics analysis8-10. The concepts of bottom-up 
approaches have been proposed to understand mechanical behaviors of single F-actin and microfilament networks11. 
On molecular level, the molecular dynamics (MD) method can describe ultimate motion phenomena of living systems 
in terms of chemistry and physics12. However, due to the limitation of computer power, Coarse-Grained (CG) level 
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investigation abstracted from all-atom MD simulations is necessary to unravel the biological complexity from the 
physical basis13. Chu et al. and Deriu et al. independently proposed CG models of single F-actin based on structural 
features of globular actin (G-actin) by thermal dynamics matching methods14,15. Shimada et al. introduced a serial 
linear spring model for F-actin dynamics based on the Brownian dynamics method16. Ji and Feng proposed a CG 
model for dynamics simulation of microtubules which is another important mechanical component of the cytoskeleton 
in living cells17. However, the potential functions in these models were simplified to be harmonic potential or 
Lennard-Jones (LJ) potential, which are hard to describe the special nonlinear constitutive relations between adjacent 
G-actin monomers.  
In order to meet the requirements of the complex constitutive laws of soft matter, such as protein fibers, Buehler 
proposed a multiscale method to investigate the biomechanics of alpha-helical intermediate filament networks based 
on constitutive relations that are extracted from all-atom MD simulation and experiments18. By employing this 
method, Ackbarow et al. explained self-protective features of alpha-helical protein networks19, and Cranford et al. 
successfully explained the superior performances of spider silk webs20. However, single F-actin presents a right-
handed double-helical structure and the mechanical behaviors are different from those alpha-helical protein filaments.  
In this paper, a hierarchical multiscale strategy is specifically designed to investigate the biomechanical behaviors of 
microfilament networks based on nanoscale biophysics investigations of G-actin clusters. Molecular simulations were 
conducted to extract the constitutive relation between adjacent G-actin clusters. A multiscale bead model for F-actin 
was then developed as a bridge between nanoscale biophysics and microscale biomechanics, which follows the 
constitutive relations from molecular simulations. This model was first validated by tensile experiment results of 
single F-actin from literatures and was then employed to investigate the stretching of a single layer microfilament 
networks at microscale. 
II. MULTISCALE BEAD MODEL 
Fig. 1(a) shows the Oda 2009 F-actin model21, which was used in this research to extract the constitutive relations 
between adjacent G-actin clusters in molecular simulations. A new multiscale bead model for F-actin is proposed 
based on the interaction between neighboring actin molecules from Martini level molecular dynamics (MD) 
simulations, as shown in Fig. 1(b). Finally, this model was applied to a two-dimensional microfilament network to 
explore biomechanics properties of microfilament networks, as shown in Fig. 1(c). 
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Fig. 1. The multiscale approach for microfilament networks. a: Crystallography of Oda 2009 G-actin model, there are 
two G-actin monomers in an elementary bead. b: A single F-actin constructed from Oda 2009 G-actin model 
following the nature from G-actin to F-actin22. c: Part of an idealized two-dimensional microfilament network in 
rectangular shape. 
A. Coarse-grained (CG) serial bead model 
A coarse-grained (CG) serial bead model for biomechanics analysis was proposed, in which detailed chemistry 
information inside G-actin monomers was neglected, and only the mechanical interactions between different 
monomers were focused on.  
By observing the double helix atomic structure of single F-actin, as shown in Figs. 1(a) and 1(b), every G-actin 
monomer was found to be related to its neighboring G-actin monomers on both helix chains. The F-actin is simplified 
to be a string of mass beads with longitude and rotation freedoms. Every two neighboring G-actin monomers from 
different helix chains were simplified as one mass bead. This simplification strategy can avoid losing double helix 
structural features of F-actin. The molecular sliding between the neighboring G-actin monomers is included in the 
general deformation between the virtual mass beads. From a common-sense observation of all-atom MD simulation, 
cut-off distance for non-bonded interactions between atoms is usually under 2nm23. However, distances between non-
neighboring G-actin monomers are more than 5nm, which is much larger than the typical cut-off distance in MD 
simulations. Therefore, the long range interactions between non-neighboring G-actin monomers are negligible during 
molecular simulations. 
Fig. 2 shows the mechanisms of this CG serial bead model. The equilibrium distance between adjacent beads is 
5.529nm according to crystallography of F-actin from X-ray diffraction experiments22. The balance angle for angular 
potential in the crystallography of single F-actin is not absolutely 180o according to the X-ray diffraction 
characterization. However, in order to simplify the simulation model, 180o was employed as the average balance angle 
on the long right-handed double helix structure.  
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Fig. 2. Schematic of the CG serial bead model. Every bead in the lattice has two adjacent beads in longitudinal 
direction, between which tensile relation is applied. Rotational constraint is defined within three adjacent monomers 
on the same filament. 
B. Biophysics investigation of the constitutive relations 
In order to employ the CG serial bead model to represent microfilament networks, relative constitutive relations 
between neighboring beads need to be extracted. MD simulation technique at Martini24 level was employed in this 
paper to extract constitutive relations between adjacent beads in this model. As the detailed conformation changes 
inside G-actin monomers were not focused on in this study, Martini level MD simulation presents more efficiency 
comparing to all atom MD simulation. 
Molecular simulations were performed with Gromacs25. Four G-actin monomers were divided into two groups in the 
MD simulation model, and the CG water model24 was employed in a 6nm×6nm×20nm simulation box with periodic 
boundary conditions, as shown in Fig. 3. Firstly, 10ns relaxation was performed in an NPT ensemble (pressure 1 bar, 
temperature 303K), in which both pressure and temperature were controlled by the Berendsen method26. In the steered 
MD simulations, different couples of constant pulling forces with opposite directions were then applied on the two G-
actin groups for 20ns to mimic tension, compression, and rotation processes. The time steps are all 4fs to stabilize the 
molecular simulations. The physiological limit of single F-actin for living cells is under 300pN27, however, the loads 
in our simulations were up to 1000pN to expand the scope of this theoretical model. The bead distances in different 
loading cases were averaged on the simulation results in the last 10ns, during which the thermal fluctuation of the 
mass bead is stable.  
 
Fig. 3. The model box in molecular simulations. Points in cyan are water molecules. The four G-actin monomers, 
numbered from i to iv in different colors, are divided into two groups (i & ii and iii & iv), which are correspondingly 
abstracted as two beads in the multiscale bead model. 
The illustration of the longitude loading process and constitutive relation results are shown in Fig. 4. It was found that 
the force-deformation curve between these two beads can be divided into five linear proportional regions. In the 
compression region, where the applied force F was negative, there was only one stiffening transition (point A) when 
the distance between neighboring beads is 5.51nm. The balance distance is 5.529nm (point B), which makes the length 
of one F-actin repeat 35.94nm. However, in tension region, there were both stiffening and softening transitions (point 
C and D). The stiffness between these two individual beads increased from the preliminary 9.59×103pN/nm to 
5.52×104pN/nm when the distance between them became 5.546nm (point C). However, the stiffness will decrease to 
4.16×103pN/nm when the distance increases to 5.556nm (point D). Rotation tests present a similar force-deformation 
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trend. However, there was no significant stiffening or softening transition in the rotation process. Rotational stiffness 
is characterized as 1.06×105pN·nm/rad, according to the simulation results.  
 
Fig. 4. The constitutive relation in tensile and compression numerical simulations. In compression region, there is a 
stiffness transition at 5.512nm. The balance distance between different beads is 5.529nm. In tension region, there are 
two stiffness transitions respectively at 5.546nm and 5.556nm. Transitions points are correspondingly marked as A, B, 
C and D. 
The interactions between adjacent beads follow these constitutive relations, which are extracted from molecular 
simulations under different loading conditions. Detailed force field parameters with respect to relative positions of 
adjacent beads can be characterized from the constitutive relations28.  
As a multiscale strategy, the CG model proposed in this paper only reveals the mechanical behavior of actin filaments. 
The freedoms for every CG bead are simplified to be only longitudinal and rotational. The sliding between opposite 
strands on F-actin occurs when the F-actin is under torsion, whose effects to the tension and bending of single actin 
filament is phenomenologically included in the longitudinal and rotational deformation.  
III. Validation and application 
This multiscale model was employed initially to investigate tension and vibration behaviors of a 1.1µm single F-actin, 
and the results can be validated by experimental studies of tensile and bending vibration properties of single F-actin 
from the literature. After validation, this newly developed model will be employed to investigate the stretching of a 
single layer microfilament network with dimensions of 4.43µm × 9.93µm.  
A. Tensile test on single F-actin 
The tensile stiffness of single F-actin under physiological limits was directly tested using the micro-needle array 
technique29, micro-fabricated cantilever technique27 and optical trap technique30. In order to validate the multiscale 
model proposed in this paper, a single F-actin with a length of 1.1µm, which consists of 200 beads, was stretched with 
different engineering strain rates from 2-10/fs to 5-10/fs based on the multiscale bead model. The simulations were 
performed with the package of Lammps31 with the aforementioned force field table whose crucial parameters can be 
found in the supplementary material28. The simulations were performed in NVT ensemble at 303K. Langevin 
dynamics32 are adopted in the CG simulation to consider the friction from putative solvent. 
Fig. 5 provides force-deformation relations during these numerical stimulations. While pulling force was under the 
physiological limit, the stiffness extracted from simulations for a 1.1µm F-actin was from 39.81 to 60.04pN/nm. The 
stiffness per unit length (1µm) of F-actin under different loading strain rates corresponded between 43.79pN/nm and 
66.04pN/nm. The stiffness of a single F-actin has dependence on loading strain rate according to simulation results. A 
higher loading strain rate leads to a higher stiffness, which is similar to traditional materials. According to mechanics 
of materials, a lower loading strain rate is close to quasi-static loading cases33. The lower limit of the stiffness from 
these simulation cases was 43.79pN/nm, which is under small loading strain rate condition. This stiffness result is 
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close to experimental explorations. The detailed comparison can be found in Table I. The simulation result is identical 
with experimental results in tensile tests, indicating that this multiscale model is accurate and effective for the analysis 
of axial stretching of single F-actin when the mechanical deformation is small.  
 
Fig. 5. Force-deformation relation during simulations of the tension of a 1.1µm single F-actin. a: Stiffening and 
softening strains all have dependence on loading strain rate. b: When loading strain is under the physiological limit 
(the linear region at the beginning of the tensile tests), the stiffness evaluation agrees with experimental results. The 
blue area represents the stiffness region of single F-actin (1.1µm) based on experimental results 27,29. 
TABLE I. The stiffness evaluation by experiments and the multiscale model in this paper.  
Method Stiffness (pN/nm) 
Mechanical measurements34 45~67 
Micro-needle array29 43±4.6 
Micro-fabricated cantilever27 34.5±3.5 
Multiscale model 43.79~66.04 
 
B. Bending vibration of single F-actin 
The bending performance of F-actin directly affects the transverse thermal fluctuation of microfilament networks. 
However, direct bending tests of F-actin is hard to be carried out. In order to validate the capability of this multiscale 
model in the prediction of F-actin bending behaviors, the natural frequency of F-actin bending vibration was studied 
by numerical simulation in this paper. We have previously explored the bending vibration properties of F-actin by 
Martini MD simulation to validate the capability of beam model in continuum mechanical modeling of F-actin35. 
Based on Euler-Bernoulli beam theory, the theoretical solution of the natural frequency f of a circular cross-sectional 
F-actin is: 
4 2
4
( )
4
L Erf
L
β
π ρ
=
     (1) 
where βL is the natural frequency constant regarding boundary conditions, E is the tensile modulus of F-actin, r is the 
radius of F-actin, ρ is the density of F-actin and L denotes the length of filament. It should be noted that the force field 
parameters were extracted by Martini MD simulations, in which explicit water molecules were employed to avoid the 
unrealistic G-actin morphology changes in vacuum. These force field parameters directly reflect the constitutive law 
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of single actin that is not significantly affected by the water environment. However, the morphology for each bead is 
solid sphere in the multiscale model, and we were only aiming to validate this multiscale model by vibration tests of 
single actin filaments in vacuum. Hence, the water environment should not be included to avoid damping effects, and 
the effects of water molecular on the force field parameters were neglected. If this multiscale model is used to 
characterize the vibration of single actin filaments in water, Langevin dynamics is necessary to implicitly consider the 
friction from water.  
By employing typical tensile modulus (E=2.5GPa) and radius (2.8nm) of F-actin30,36, the analytical solution of the 
natural frequency of these actin filaments can be evaluated using Eq.(1). More detailed material constants and beam 
solution of actin filament transverse vibration were described in literature35. The granular simulation strategy for the 
characterization of F-actin vibration properties is similar to metal nanowire37. Half sinusoidal profile velocity 
excitation was applied on the F-actin to obtain the first order vibration mode, which can be found in Fig. 6. The 
natural frequency constant βL for the first order vibration of double clamped beam is 4.7338. 
Fast Fourier transform (FFT) algorithm was employed to capture the lowest natural frequency f from the discrete 
potential energy output. The natural frequency results explored by the multiscale model proposed in this paper were 
compared with the Euler-Bernoulli beam solution in Fig. 6. The multiscale characterization is close to the theoretical 
solution based on Euler-Bernoulli beam model, which proves the capability of this method in obtaining the transverse 
deformation of single F-actin. 
 
Fig. 6. The first order natural frequency of double clamped F-actin from 50 to 300nm, square dots represent the results 
from the multiscale method proposed in this paper and circular dots represent the theoretical solution of Euler-
Bernoulli beam. 
C. Stiffening and softening of rectangular microfilament networks 
The mechanical properties of microfilament networks are difficult to describe by direct mathematical equations like 
macroscale continuum materials39. In order to predict the complex mechanical performances of microfilament 
networks from the crystallography of F-actin, this newly developed multiscale model was employed to study a 
microfilament network at microscale. For simplification, a two-dimensional rectangular network was adopted in this 
study. More complex three-dimensional, randomly distributed, wormlike F-actin can be built with the same force field 
parameters, which will be our future work. The microfilament network analyzed in this paper was 4.43µm×9.93µm, 
which is at the scale of real eukaryote cell size. The thickness of this microfilament network was assumed to be the 
diameter of G-actin monomer, which is 5.64 nm29. The loading strain rate was controlled at 2×10-10/fs, which is small 
in molecular simulation to model the quasi-static loading. The tensile modulus can be derived from E kL A= , where 
k F l= ∂ ∂  is the stiffness of microfilament network, which is derived from the multiscale simulation directly. L 
(4.43µm) and A (0.056µm2) respectively denotes the original length and cross section area of this two-dimensional 
network. There were 16,965 beads in the simulation box, and the simulation was performed on Lammps under the 
8 
 
same simulation conditions as the stretching of single F-actin. Fig. 7(a) shows the geometry of this single layer 
microfilament network. Force-deformation relation of this microfilament network and the tensile modulus with respect 
to engineering strain/stress obtained from simulation are presented in Figs. 7(b) through 7(d), respectively. It is 
noteworthy that the crosslinkers on the network in this paper were conducted with the same mechanical properties of 
G-actin monomers. Further development should be made regarding the mechanical properties of these actin binding 
proteins, such as ARP2/3, α-actinin, Fascin, and et al 40. 
 
Fig. 7. The tensile performance of a 4.43µm×9.93µm microfilament networks. a: geometry of the networks and the 
loading illustration; b: force-deformation relation, which is similar to single F-actin simulation results; c: the strain 
stiffening and softening; d: the stress stiffening and softening. 
Both stiffening and softening of microfilament networks in different loading stages were discovered recently by 
highly-developed experimental techniques5,6. With the multiscale model proposed in this paper, stiffening and 
softening phenomena can be investigated and predicted theoretically, as shown in Figs. 7(c) and 7(d). In the stage of 
low loading strain, the tensile modulus of microfilament networks remains constant. The tensile modulus will increase 
correspondingly after the strain exceeds 0.3% or the stress exceeds 0.03 MPa, which means strain stiffening takes 
place when the loading strain approaches a critical value. However, the increment of tensile modulus will decrease 
while loading strain increases. When loading strain reaches 0.6%, the stiffness drops to 5MPa. Softening of 
microfilament networks will happen after a stiffening stage, and the corresponding softening stress is 0.135MPa for 
this two-dimensional microfilament network. These theoretical evaluations of these nonlinear properties provide clues 
to understand the mechanical performances of microfilament networks in living cells.  
To the best of our knowledge, the largest scale of all-atom molecular simulations for single F-actin is at the hundred-
nanometre scale. With the multiscale bead model proposed in this paper, it is possible to conduct simulations to 
explore the mechanical properties of microfilament networks at the microscale, which still follows the intrinsic 
physics basis of G-actin molecules. 
The engineering strain of single actin filaments is less than 1% in this multiscale model, which is close to 
experimental results29,41. It should be noted that the external loading in MD simulation is extended to 1000pN in this 
paper, which is already higher than the physiological limit (approximately 300pN). This deformation of single actin 
filaments is smaller compared to microfilament networks deformation (more than 10%6) that is mainly caused by the 
reorganization of dendritic network structures. Further MD simulations and experiments should be investigated to 
study the large deformation and damage of single actin filaments under mechanical loadings, which can contribute to 
the understandings of the rupture mechanism of microfilament networks. 
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IV. DISCUSSION  
Biphasic models based on continuum mechanics theory were proposed to investigate the mechanical behaviors of 
actin gel in solution based by homogenizing the actin cortex in living cells42. However, later studies proved that the 
mechanical behaviors of microfilament networks are complex physiological processes related to architecture and 
chemical components of microfilament networks. All these fascinating physiology features of microfilament networks 
lead to self-protective properties and functional features of microfilament networks. Due to the difficulties in 
abstracting all these complex features to pure mathematical presentations, we proposed this multiscale model from a 
molecular point of view to explain and predict the mechanical behaviors of microfilament networks in living cells. 
This multiscale model provides the fundamental constitutive mechanical relations between adjacent protein beads on 
F-actin to unravel physiological mystery from a physical basis. 
Wachsstock et al. proved that dynamics of networks crosslinkers can affect the mechanical properties of 
microfilament networks43, and Gardel et al. discovered that the density of crosslinkers is also quite crucial to the 
stiffness of microfilament networks44. The crosslinkers in the microfilament networks consist of many different 
proteins, whose mechanical performances are still unclear40, thus they are assumed to have the same mechanical 
properties as G-actin monomers. Further investigations of the mechanical properties of crosslinkers should be 
conducted for more accurate prediction. 
It should be noted that although the stretching simulations on a two-dimensional network can predict strain/stress 
hardening and softening phenomena of microfilament networks, there is still not a full understanding of the cryptic 
physiological phenomena of microfilament networks in living cells. The stiffening and softening phenomena of 
microfilament networks in living cells are not results of only material properties, but also complex physiological 
processes including dynamic F-actin binding by crosslinkers45 and protein motors inducement, such as Myosin II46. 
This proposed hierarchical multiscale model of actin filaments can represent the fundamental constitutive mechanical 
performances of microfilament networks, different crosslinker rupture mechanisms and biomechanical contribution 
from protein motors are needed in the future to understand more complex physiological performance of microfilament 
networks.  
The mechanobiology of microfilament networks also has dependence on the architectures of microfilament networks 
and the functions of actin-binding proteins. Three dimensional randomly distributed microfilament networks model 
should be developed in future for better understandings of the biomechanical properties of microfilament networks. It 
should also be noted that special features with respect to the structural contributions of actin-binding proteins should 
be added to this fundamental multiscale approach to investigate the mechanobiology of microfilament networks. 
V. CONCLUSIONS 
Based on constitutive relations extracted from molecular simulations for a single F-actin, a hierarchical multiscale 
model is proposed as the bridge between nanoscale biophysics and microscale biomechanics to investigate the 
mechanical properties of microfilament networks at microscale.  
This multiscale bead model was first validated by the results of single F-actin tensile experiments and transverse 
bending vibration properties. The tensile stiffness and the bending vibration properties of single F-actin evaluated by 
this hierarchical multiscale model agrees with experiment results and analytical models from literatures. According to 
multiscale simulations of the stretching of a single layer microfilament network (4.43µm×9.93µm), the microfilament 
networks present both strain stiffening and softening in different stretching stages. This means the stiffening and 
softening of actin structure are not only results of the dynamic binding of actin filament and the inducement of protein 
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motors, but also a constitutive material behavior of single actin filaments. This multiscale approach provides a 
numerical tool which can contribute to the investigation of the biomechanics of microfilament networks from a 
molecular point of view. Further models about actin crosslinker properties and thermal fluctuation of wormlike F-actin 
can be developed to predict the dynamic responses of dendritic microfilament networks under extracellular imposed 
forces. 
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